ABSTRACT Carbohydrate-degrading multi-enzyme preparations (MEP) are used to improve broiler performances. Their mode of action is complex and not fully understood. In this study, we compared the effect of water-soluble fractions isolated at the pilot scale from wheat grain incubated with (WE) and without (WC) MEP. The fractions were incorporated in a wheat-based diet (0.1% w/w) to feed Ross PM3 broilers and compared with a non-supplemented control group (NC). The body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) until d 14 were determined. At d 14, ileal and cecal contents and tissue samples were collected from euthanized animals. The intestinal contents were used to measure the short-chain fatty acids (SCFA) concentration using gas chromatography and to determine the abundance and composition of microbiota using 16S sequencing. Villi length of ileal samples was measured, while L-cell and T-cell densities were determined using immuno-histochemistry. The MEP treatment increased the amount of water-soluble arabinoxylans (AX) and reduced their molecular weight while retaining their polymer behavior. The WE fraction significantly (P < 0.05) increased FI by 13.8% and BWG by 14.7% during the first wk post hatch when compared to NC. No significant effect on FCR was recorded during the trial. The WE increased the abundance of Enterococcus durans and Candidatus arthromitus in the ileum and of bacteria within the Lachnospiraceae and Ruminococcaceae families, containing abundant butyrate-producing bacteria, in the ceca. It also increased the concentration of SCFA in the ceca, decreased the T-lymphocyte infiltration in the intestinal mucosa, and increased the glucagonlike-peptide-2 (GLP-2)-producing L-cell density in the ileal epithelium compared with WC and NC. No significant effects were observed on villi length. These results showed that AX present in the WE fraction altered the microbiota composition towards butyrate producers in the ceca. Butyrate may be responsible for the reduction of inflammation, as suggested by the decrease in Tlymphocyte infiltration, which may explain the higher feed intake leading to improved animal growth.
INTRODUCTION
Wheat is commonly used as the major cereal in poultry diets, especially in Europe. The metabolizable energy content of cereal grain is known to vary according to its non-starch polysaccharide (NSP) content and structure (Annison, 1991; Choct and Annison, 1992; Svihus and Gullord, 2002) . Wheat contains up to 16% NSP, mainly arabinoxylans (AX) (Saulnier et al., 2012) . In the starchy endosperm, AX constitute up to 70% of the cell walls (Saulnier et al., 2007) . The water-extractable fraction of AX has recognized anti-nutritional effects, inducing high viscosity C 2017 Poultry Science Association Inc. Received April 24, 2017. 1 Corresponding author: luc.saulnier@inra.fr of the intestinal content and increasing intestinal inflammation (Austin et al., 1999; Bao and Choct, 2010) . NSP-degrading enzymes, especially endo-1,4-β-xylanases (further referred to as xylanases) and endo-1,3(4)-β-glucanases (further referred to as glucanases), are used in poultry diets to reduce these effects and thereby improve animal performance. It is commonly accepted that these enzymes exert their beneficial effects by reducing the viscosity of the intestinal content and by releasing oligosaccharides from plant cell wall polysaccharides in the digestive tract of the animals (Mathlouthi et al., 2002a; Choct et al., 2004; Mushtaq et al., 2006; Bozkurt et al., 2010; Lee et al., 2010; Masey O'Neill et al., 2014) . The prebiotic effects of arabino-xylo-oligosaccharides (AXOS) from wheat bran (accounting for 0.25% of the dry matter) 412 and their impact on broiler digestive health have been established . Prebiotics are selectively fermented and allow specific changes, both in the composition and/or activity in the gastrointestinal microbiota that confer benefits upon host well-being and health (Wang, 2009) . Dietary fibers such as AX, AXOS, and Xylo-Oligo-Saccharides (XOS) showed prebiotic effects when used as feed additives, though they are not yet recognized as "prebiotics." In the literature, these are referred to as prebiotic-like compounds. However, to the best of our knowledge, the effect of pretreating wheat grain with NSP-degrading enzymes to produce prebiotic-like compounds has not been studied in vivo in broilers.
The first 2 wk post hatch are critical in the life of the broilers. During this starter period, the birds are particularly susceptible to the harmful effects of NSP (Uni et al., 1999; Sklan, 2001 ). This can be explained partly by the fact that digestive functions are not fully developed in young chickens and that the microbiota is not settled at hatch and thus does not aid in degrading the soluble NSP (Jin et al., 1998; Maiorka et al., 2006) . According to some authors, the broiler microbiota could reach a stable dynamic state after 2 wk post hatch (Barnes, 1979; Lumpkins, 2007; Wei et al., 2013) . Environment and nutrition are among the major factors influencing the broiler development (Noy et al., 1998; Maiorka et al., 2006; Uni, 2006) and microbiota (Koutsos and Arias, 2006; Torok et al., 2009 ). An additional factor influencing performance is the immune response, which can confer protection against infections but also decrease performance when the gut wall is heavily inflamed (Teirlynck et al., 2009; Bao and Choct, 2010; Lawley and Walker, 2013) . Finally, performance also depends on the absorption capacity of the intestinal mucosa and thus on the maturation and development of the small intestinal villi. Intestinal enterocyte proliferation and maturation are influenced by the hormone glucagonlike-peptide 2 (GLP-2) produced by enteroendocrine L-cells in the intestinal epithelium (Shousha et al., 2007) .
We previously showed that AX polysaccharides enhanced short chain fatty acids (SCFA) production, and especially butyrate, during in vitro fermentation with a broiler microbiota compared with the oligosaccharides XOS and fructo-oligosaccharides (FOS) (Yacoubi et al., 2016) . This effect was markedly impacted by the chain length of AX. Therefore, in this study we have investigated in vivo the effect of 2 water-soluble AX fractions exhibiting different chain length. The AX fractions were extracted from wheat grain with or without a multienzyme preparation (MEP) and were incorporated in a wheat-based broiler starter feed at 0.1%. The effect of the incorporation of the 2 fractions on animal performance, T-lymphocyte infiltration in the gut wall, L-cell density, intestinal microbiota composition, and SCFA concentration were then investigated during the starter period.
MATERIALS AND METHODS

Materials
The MEP Rovabio R Excel, produced by the fermentation of Talaromyces versatilis sp.nov. (previously named Penicillium funiculosum), was provided in liquid form by Adisseo SAS (Commentry, France). MEP contains mainly xylanase (5,500 U/mL) and glucanase (7,500 U/mL).
The wheat grain (cultivar Barok) was harvested in 2013 and purchased from Euronutrition (St Symphorien, France). This cultivar was used to isolate fractions and to prepare the basal diet of the broiler trial.
Preparation of the Wheat Fractions
Isolation of Water-soluble Wheat Extracts The preparation of the wheat fractions was adapted from the lab-scale protocol previously published (Yacoubi et al., 2016) . Wheat grains (50 kg) were decontaminated with successive baths of water, ethanol 70%, and sodium hypochlorite (NaOCl 0.04%). They were then rinsed with water ( Fig. 1) . The grains were dried in a stove at 40
• C for 24 h and finally ground in a grinder equipped with a 2 mm grid. The whole-grain flour (20 kg) was incubated with deionized water (60 L) with or without MEP (40 mL) for 3 h at 40
• C under agitation. The slurry was decanted for 2 h at room temperature in the presence of Celite R (1 g/L) and filtered with a hydraulic filter press. The filtrate was heated for 10 min at 95
• C in a 50 L homogenizer to deactivate endo-and exogenous enzymes. The mixture was then cooled to 60
• C, mixed with 1 g/L of Celite R , and filtered to remove flocculated proteins. The supernatant was finally concentrated using the 50 L homogenizer connected to a vacuum generator unit. The concentrated supernatant, referred to as the water-soluble fraction (WSF), was frozen (−20
• C) until further use. Graded Ethanol Precipitation of WSF. Graded ethanol precipitation was used to separate polymeric fractions from oligomers. The WSF obtained from MEP-treated and untreated grains were precipitated using 2 volumes of ethanol 96% added to 1 volume of WSF to reach a final ethanol concentration of 65%. This mixture was left overnight at 4
• C, and the precipitate was recovered by centrifugation at 3,000 g for 30 min, washed twice with 80% ethanol and then with acetone, and finally dried for 24 h in a stove at 40
• C. The fractions recovered from the treated and untreated grains were named WE for wheat+enzyme and WC for the wheat control.
Characterization of Isolated Fractions
Chemical Composition. The neutral sugar composition of the starting material and isolated fractions was determined after hydrolysis in 2 N sulfuric acid at 100
• C for 2 hours. The released monosaccharides were determined as alditol acetates by gas liquid chromatography (GLC) based on the Englyst and Cummings method (Englyst and Cummings, 1988) . The protein content was measured by the Kjeldahl method (N x 6.25).
Degree of Polymerization. The degree of polymerization (DP) of AX in the WE and WC fractions was determined as previously described (Yacoubi et al., 2016) .
Structural Analyses. The Mw and intrinsic viscosity were determined using high-pressure sized exclusion chromatography coupled with light scattering, differential pressure, and concentration detectors as previously described (Yacoubi et al., 2016) . The measurements were carried out once due to the high reproductibility of the measurement (cv ∼ 1%).
Proton 1 H Nuclear Magnetic Resonance (NMR) spectra (400 MHz) were recorded at 60
• C on a Brücker AdvanceIII 400NB ARX spectrometer. The fractions were dissolved in deuterium oxide (D 2 O 10 mg/mL). Approximately 128 pulses were collected; the pulse repetition time was 4 s, and the pulse angle was 6 μs. The percentage of mono-and di-substitution was calculated from the integral anomeric protons of arabinose and xylose residues as described previously (Petersen et al., 2014) .
Animals and Housing
The in vivo trial was approved by the regional ethic committee of Auvergne (France) approval number F 03 159-4. A total of 288 one-day-old Ross PM3 male broilers was divided into 3 groups of 96 animals. At d one, all the animals were weighed individually, identified with a wing-ring, and then distributed among the different groups by weight class of 1 g, to obtain homogeneous animals batches. The animals of the same live weight class were randomly distributed among the different treatments. Each treatment group comprised 8 pens of 12 animals. The broilers were reared in floor pens on wood shavings at a density of 8 birds/m 2 . The lighting program was as follows: from d one to 7, 23 h of light and one h of darkness and from d 7 to d 14, 18 h of light and 6 h of darkness. The temperature was maintained at 32
• C for the first 5 d and then gradually reduced until 22
• C, according to EU husbandry management practices.
Experimental Design and Feed Composition
A starter feed was given during the entire trial (14 d). The same basal experimental wheat-based diet was given to all the birds. Its composition is shown in Table 1 . The diet was free of antibiotics and anticoccidials. The birds were separated into 3 groups, i.e., one non-supplemented control (NC) and 2 treatments comprising the 2 fractions (WE and WC) incorporated into the basal diet at 0.1%. At d 7 and 14, the animals were weighed individually, and the feed intake (FI) was measured per pen to calculate the feed conversion ratio (FCR) and the body weight gain (BWG). At d 14, 3 animals/pen with a live body weight in the range of the group average body weight were euthanized using CO 2 . This led to 24 animals of each treatment group. Tissue samples of approximately 1 cm from the distal end of the cecum and at the level of Meckel's diverticulum of the ileum were taken immediately post euthanasia, placed in RNALater (Sigma-Aldrich, St, Louis, MO) and stored at −20
• C. The cecum and ileum contents were collected in 2 Eppendorf tubes (2 mL). One tube was weighed, immediately mixed with distilled water at a ratio of 2 mL/g, and stored at −20
• C for SCFA and lactic acid analyses. The second tube was stored at −80
• C for bacterial DNA extraction.
Quantification of SCFA
The concentration of SCFA in the cecal and ileal content samples of 24 birds per group was determined by gas chromatography as previously described (Schäfer, 1994; Zhao et al., 2006) . The method consists of sample extraction in oxalic acid 0.5 M followed by direct 2 Vitamin-mineral premix provided per kg of complete diet: Cu, 15 mg; Fe, 70 mg; Mn, 62 mg; Zn, 80 mg; I, 0.6 mg; Se, 0.2 mg; vitamin A, 10 000 IU; vitamin D3, 1000 IU; vitamin E, 100 IU; vitamin K, 2 mg; vitamin B12, 15 mg; riboflavin, 5 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; choline chloride, 500 mg; biotin, 200 mg; folic acid, 5 mg; vitamin B1, 2 mg; vitamin B6, 3 mg.
3 Phytase (500 FTU units/kg) produced by fermentation of Schizosaccharomyces pombe.
4 Determined values using the Precise Nutritional Evaluation (PNE) service of Adisseo based on near infra-red spectroscopy (NIR) technology. The NIRSystems 5000 (Foss, Sweden) was used as described previously (Gady, 2013) . injection on the gas chromatograph. The lactic acid concentrations were determined using a D/L-Lactic acid kit (ref 023, Biosentec, Toulouse, France).
Immunohistochemical Examinations
RNALater-fixed tissues of the ileum and cecum of 24 birds per group were embedded in paraffin, and 5 μm sections were cut and stained with haematoxylin and eosin. The villus length was measured in the ileum by random measurement of 10 villi per section and per animal using image analysis software (Leica Application Suite LAS V3, Wetzlar, Germany) as described previously (Teirlynck et al., 2009) . Only intact villi were measured, i.e., villi for which the tip as well as the base were in the plane of the section.
To quantify the infiltration of T-lymphocytes in the cecum and ileum, immunohistochemistry was performed as described previously (Van Immerseel et al., 2002) using a monoclonal antibody targeting CD3 (Dako, Glostrup, Denmark). The number of T-lymphocytes in the different sections was evaluated using image analysis software (Leica Application Suite LAS V3, Wetzlar, Germany) measuring the average area percentage occupied by labeled cells from 10 microscopic fields per tissue and per animal at a magnification of 400x. The results were expressed as the percent area occupied by labeled cells.
To detect L-cells, we used a polyclonal rabbit antihuman GLP-2 antibody (Phoenix Pharmaceuticals, Inc., Burlingame, CA 94010. USA) for immunohistochemical staining. The number of labeled-cells and the areas of 10 villi and 30 crypts per sample and per animal were measured in the ileum using the image analysis software LAS V3 (Leica Application Suite, Wetzlar, Germany). The L-cells were expressed as the number of cells/mm 2 of mucosal tissue.
Microbiota Characterization DNA Extraction. The DNA was extracted from cecal and ileal content of 24 animals per group using the CTAB method as described previously (De Maesschalck et al., 2015) . The DNA quantity and quality were assessed using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc. Wilmington, DE 19810, USA) and an Agilent 2100 Bioanalyzer according to the method described previously (Patterson et al., 2006) . 16S Sequencing. According to the DNA quantity and quality, 10 samples per group were chosen to perform the 16S sequencing. The 16S rDNA sequencing using MiSeq 250-pb technology from Illumina was performed at the GenoToul Genomics and Transcriptomics facility (Auzeville, France).
The primers used in PCR 1 were 515F (5 CTTTCCCTACACGACGCTCTTCCGATCTGTG YCAGCMGCCGCGGTA) and 928R (5 GGAGTTCA GACGTGTGCTCTTCCGATCTCCCCGYCAATTC MTTTRAGT) targeting the hypervariable 16S rDNA V4-V5 region. The amplification mix contained 5 U of FastStart high fidelity polymerase (Roche Diagnostics, Vilvoorde, Belgium), 8 μL of dNTP mix 250 μM (Eurogentec, Liège, Belgium), 2 μL of each primer (20 μM), and 100 ng of genomic DNA in a volume of 100 μL. The thermocycling conditions consisted of a denaturation at 94
• C for 2 min followed by 30 cycles at 94
• C for 60 s, 65
• C for 40 s, and 72
• C for 30 s and a final elongation step of 10 min at 72
• C. These amplifications were performed on an Ep Master System gradient apparatus (Eppendorf, Hamburg, Germany). Subsequently, the DNA was purified using HighPrep TM PCR (MAGBIO GENOMICS, Gaithersburg, MD 20878. USA) following the manufacturer's protocol. Single multiplexing was performed using a 6-bp index, which was added during a second PCR with 12 cycles using the forward primer P5 (5 AATGATACGGCGACCACCGAGATCTACACTC TTTCCCTACACGAC) and the reverse primer P7 (5 CAAGCAGAAGACGGCATACGAGAT-index-GTGACTGGAGTTCAGACGTGT). The PCR 2 products were purified, and the quality and the fragment length were controlled using an Agilent DNA 7500 DNA chip (Agilent Technologies Inc, Santa Clara, CA 95051, USA) following the manufacturer's protocol. The resulting products were purified and loaded onto an Illumina MiSeq cartridge according to the manufacturer's instructions (Illumina Inc., San Diego, CA). The quality of the run was internally checked using control libraries generated from the PhiX virus (Illumina PhiX control; Illumina Inc., San Diego, CA) as previously described (Drouilhet et al., 2016) .
The resulting sequences were pre-clustered and then independently divided into operational taxonomic units (OTU). Singletons were eliminated, and the non-redundancy of the OTU was verified. The phylogenetic affiliation of one representative sequence per OTU was performed using the LTP database (www.arb-silva.de/projects/living-tree) using the pipeline FROGS of the platform Galaxy (www.sigenae-workbench.toulouse.inra.fr).
Statistical Analysis
Regarding the variability of the parameters and the objective of the study (i.e., the magnitude of the effect to detect statistically), the number of replicates to achieve a power of at least 0.80 was 90 animals per treatment to detect a variation of 3% on the BWG at 14 d with a type I error set at 5%.
The data were analyzed with IBM R SPSS R Statistics 22.0 software. The Shapiro-Wilks test was used to test the normal distribution of the data. The results are given as the means ± SD. The sugar composition, AX content, A/X and DP were analyzed using oneway ANOVA. The BWG, FCR, FI, villus length, L-cell count, and T-lymphocyte infiltration were subjected to one-way ANOVA followed by a post hoc Tukey's multiple comparison test. The statistical power was ≥80%. Statements of statistical significance were based on P ≤ 0.05.
The pyrosequencing data were analyzed using the Phyloseq package (McMurdie and Holmes, 2013) in R software (Version 3.2.3). The α-diversity of the cecal and ileal microbiota, defined as the species richness within each sample (broiler), was measured using the Shannon index. The Shannon index (H') was calculated as H' = -pi Ln pi, where pi is the proportion of individuals found in the i th OTU. Higher values indicate greater diversity, with 0 = complete homogeneity.
RESULTS
Composition of the Wheat Fractions
The pilot scale extraction allowed recovering 125 g of WE and 103 g of WC from 20 kg of wheat grain. The WC and WE fractions comprised mainly xylose § Measurements were carried out once due to the high reproducibility of the method (cv ∼ 1%).
nd: Not determined.
(32.2 and 34.5%, respectively) and arabinose (19.1 and 19.3%, respectively) ( Table 2) , suggesting the presence of AX. However, both fractions contained an important amount of galactose (G), indicating the presence of arabinogalactan-protein (AGp), which also contributed to the arabinose content. A corrected arabinose to xylose (A/X) ratio and AX content were calculated accounting for the contribution of AGp to the arabinose content and assuming an average A/G ratio of 0.7 (Loosveld, 1998) . The AX content and A/X ratio of WC and WE were not statistically different. The AX present in the WSF (results not shown) were totally or mainly recovered in 65% ethanol for WC (98% yield) and WE (80% yield), respectively. The WE fraction contained a higher amount of proteins (21%) than WC (14%). The WC and WE fractions had different Mw distributions (Fig. 2) . WC eluted in the 12 to 20 mL elution range with a main population in the 12 to 17.5 mL range, corresponding to polymers of high hydrodynamic volume and a second population of lower hydrodynamic volume in the 17.5 to 19.5 mL range, whereas WE eluted mainly in the 16 to 20 mL range.
As a consequence (Table 2 ), the WC fraction had a higher average Mw (176.8 kDa), intrinsic viscosity (215.7 mL/g), and DP (DP = 270) (calculated for the xylan backbone) than the WE fraction (49.6 kDa, 54.1 mL/g and 54, respectively). High performance anion exchange chromatography showed the absence of oligosaccharides with DP < 10 (data not shown).
NMR was used to investigate the AX structure of the WE and WC fractions. Both fractions had a very similar substitution pattern of the xylose backbone by arabinose residues, as already suggested by their similar A/X ratio. WE contained 73% of un-substituted, 13% of mono-substituted, and 14% of di-substituted xylose, while WC contained 72, 13, and 15%, respectively. Adding WE to the diet significantly increased the FI by 13.8% during the first wk and by 6.2% during the second wk when compared with NC (P ≤ 0.05) ( Table 3 ). In-feed administration of WE also significantly (P < 0.05) increased BWG by 14.7% during the first wk post hatch and by 7.8% during the 2 wk compared with NC. The FCR was not changed during the 2-week trial.
Gut Morphology and Immunohistochemistry
The density of L-cells was significantly higher in the ileal crypt and villus epithelium (Table 4 ) of the chickens receiving a diet supplemented with WE compared Table 4 . Effect of dietary supplementation 0.1% of WC (wheat control) and WE (wheat+enzyme) fractions to a wheatbased diet on L-cell density in the ileum, T-cells, and villus length in the ileal and cecal mucosa of 14-day-old broilers. NC: non-supplemented control. with WC and NC. The density of L-cells increased in villi with WC supplementation compared to NC. Adding WE to the diet significantly decreased the Tlymphocyte infiltration in the ileum and in the cecum compared with WC and NC (Table 4) .
Adding the wheat fractions produced with or without the MEP pretreatment had no significant effect on the villus length compared with NC (Table 4) .
Microbiota Characterization in Ileal and Cecal Contents
Microbiota Composition. The α-diversity of the ileal and cecal microbiota increased in the WE group when compared to NC and WC groups (Fig. 3) .
In Table 5 , we summarize, first, the main families identified in the ileal contents. Second, we report the families and species significantly different among the 3 treatments. In the ileal samples, 12 families were identified, mainly Lactobacillaceae, which represented up to 79.13% of the WE, 92.13% of the WC, and 89.24% of the NC microbiota (Table 5 ; detailed affiliation are provided in supplementary data), though no significant effect was identified on the Lactobacillaceae among the treatments. The WE supplementation significantly increased Enterococcaceae and Clostridiaceae 1 (P < 0.05) compared with WC and NC. Fifty-six species were identified in the ileal samples (16S Supplementary data). Only 2 species were significantly increased by WE supplementation to the diet, i.e., Enterococcus durans and Candidatus arthromitus sp.
In the cecal samples, 14 families were identified, mainly the Lachnospiraceae and Ruminococcaceae (more than 50% of the total sequences) and 116 species (Table 5 ; detailed affiliations are provided in supplementary data).
Adding WE to the diet significantly increased the abundance of bacteria from these 2 main families compared with NC and WC (Table 5) . Lachnospiraceae represented 51.63% of the cecal microbiota of animals supplemented with WE vs. 46.30% for the animals Table 5 . Effect of dietary supplementation of 0.1% of the WC (wheat control) and WE (wheat+enzyme) fractions to a wheatbased diet on the abundance (%) of the taxonomic groups (main families and families and species significantly different for the 3 treatments) within the ileal samples and the cecal samples of 14-day-old broilers 1 . NC: non-supplemented control. supplemented with WC and 42.87% for the NC group. Adding WE to the diet significantly increased Ruminococcaceae (11.91%) compared with WC (9.46%) and NC (7.85%). Only 9 species were significantly increased by WE supplementation (P < 0.05) compared to WC and 11 compared to NC (Table 5) . No significant differences were observed between NC and WC. Quantification of SCFA and Lactic Acid. Adding WE to the diet had no significant effect on the SCFA concentration in the ileum when compared to NC and WC (Table 6 ). The WE increased the total SCFA concentration in the ceca and mainly the acetate and butyrate concentrations compared with WC and NC (Table 6 ). The propionate concentration in the presence of WE was significantly increased compared to NC (1.9 vs 0.8 μM) but not compared to WC (1.1 μM).
DISCUSSION
In the present study, 0.1% of AX-containing fractions were added to diet. On average water-soluble AX represent 0.5% w/w of wheat grain. Taking into account the proportion of wheat in the feed (44% ,  Table 1 ), adding 0.1% of WE or WC corresponded to a 20 to 25% increase of the amount of water-soluble AX. Under the action of MEP, part of the water-insoluble AX were solubilized. The amount of WE fraction added was compatible with the extent of AX solubilization likely occurring in vivo. In previous studies, purified AXOS (Eeckhaut et al., 2008) , AX, or XOS were added at higher levels (0.2 to 0.25%). The supplementation of water-soluble short-chain AX obtained by the enzymatic treatment of wheat improved the FI and daily weight gain with no effect on FCR in the starter period of broilers on a wheat-based diet. These beneficial effects were clearly attributable to the effect of MEP on wheat AX.
Water-extractable AX (WE-AX) from wheat grain was fully recovered in WC (98% yield), and their molecular features were lower than previously observed for WE-AX extracted from wheat flour (Mw ∼ 300 kDa) (Faurot et al., 1995; Dervilly et al., 2000) due to prolonged time and higher temperature used for extraction. Table 6 . Effect of dietary supplementation of 0.1% WC (wheat control) and WE (wheat+enzyme) fractions to a wheat-based diet on the short chain fatty acid and lactic acid concentration (in μM) in the cecal and ileal content of 14-day-old broilers. NC: non-supplemented control. The enzymatic treatment and the conditions applied to wheat grain (3 h and 40
• C) resulted in the solubilization of cell-wall-insoluble AX, increasing the amount of water-extractable AX (125 g of WE vs. 103 g of WC from 20 kg of whole-wheat flour). It allowed reducing the average Mw (176.8 kDa for WC vs. 49.6 kDa for WE, Table 2 ). The evaluation of DP of the xylan backbone by measuring reducing ends (270 and 54 for WC and WE, respectively, Table 2 ) confirmed this evolution. However, approximately 80% of the waterextractable AX in the wheat treated with enzyme precipitated in 65% ethanol, indicating polymer behavior. The enzymes partially degraded the xylan backbone, resulting in AX with shortened chains in WE compared to WC. In addition NMR indicated a close structure of AX in both fractions. Finally, we considered the AX in WE as short-chain AX (SC-AX) and that in WC as long-chain AX, all being polymers.
The in vivo results showed that only the fraction containing the shortest AX chains (WE) had a significant beneficial effect on animal performance. It increased FI and by consequence BWG. The WC supplementation had no negative effects on animal performance. It could be hypothesized that the quantity (0.1%) and the Mw (49.6 kDa) of added SC-AX were probably too low to increase digesta viscosity. Most previous studies showing beneficial effects of AX (Van Craeyveld et al., 2008; Sanchez et al., 2009; Damen et al., 2011; Xu et al., 2013) have used oligosaccharides of low DP (range between 5 and 32). Thus far, the lower the DP of the NSP, the higher the microbial metabolite production. Nevertheless, our results showed noticeable beneficial effects despite the DP being significantly higher (DP = 54) and the fraction not containing small oligomers (DP < 10). These results suggest that AX of higher chain length than previously reported can be used beneficially by the microbiota of young chicks. Similarly, in humanized rats, an increase of butyrate producers and production was recorded using AX with an average DP of 60 (Van den Abbeele et al., 2011) .
The WE fraction improved BWG during the 2-week trial by increasing FI. More important was the effect of this fraction during the first wk post hatch. Many authors (Jin et al., 1998; Maiorka et al., 2006; Stefanello et al., 2015) have emphasized how important the first wk post hatch is in the development of the digestive system. At hatching, the digestive system of the broilers is anatomically fully developed but physiologically immature (Nitsan et al., 1991; Hossain et al., 2014) . It is important during this period that the digestive system is colonized by beneficial microbiota for the development of the gut-associated immune system and the protection against pathogens (Bao and Choct, 2010) .
At the end of this study (d 14), we analyzed the microbiota and observed an increase of Enterococcus durans and Candidatus arthromitus sp. in the ileum in the group that received WE ( Table 5 ). The lactateproducing bacterium Enterococcus durans is resistant to low pH and has been shown to exert probiotic effects as well as antimicrobial and antioxidant activities (Pieniz et al., 2014; Liu et al., 2016) . In vitro, it exhibits a broad spectrum of inhibitory activity against Listeria monocytogenes, Escherichia coli, Staphylococcus aureus, Salmonella Typhimurium, Salmonella Enteritidis, Pseudomonas aeruginosa, and Aeromonas hydrophila (Pieniz et al., 2014) . Candidatus arthromitus sp. is a commensal bacterium with a key role in the post-natal development of the gut immune functions by increasing the number of lymphoid cells in the lamina propria of the ileal and cecal mucosa (Klaasen et al., 1993; Bolotin et al., 2014) . It is also characterized by its attachment to the intestinal epithelium, and it plays an important role in modulating host immune function (Snel et al., 1995; Thompson et al., 2013) . It induces IgA secreting B-cells and steers the development of the T-cell repertoire (Maynard et al., 2012; Ericsson et al., 2014) . In case of infection or pathogen challenge, it activates the interepithelial CD8 + T-lymphocytes (Umesaki et al., 1995) and induces the lamina propria CD4 + T-helper cells that produce interleukin IL-17 and IL-22 (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009 Ivanov et al., 2009) involved in the protection of the host against pathogenic microbes by their broadspectrum antimicrobial activities (Seo et al., 2012) .
The WE fraction increased the concentration of acetate and butyrate in the ceca (Table 6 ). As indicated previously (Miller and Wolin, 1996; Duncan et al., 2002) , butyrogenic bacteria convert acetate more efficiently to produce butyrate when growing in a medium containing a carbohydrate source (glucose or xylose). In the present study, adding WE to the diet significantly increased the relative abundance of the bacteria belonging to the families of Lachnospiraceae and Ruminococcaceae (Table 5) , known as butyrate producers (Biddle et al., 2013; Stackebrandt, 2014) . Ruminococcaceae are saccharolytic bacteria known to produce a range of glycosidases, enabling them to degrade resistant starch, hemicelluloses, and cellulose (Duncan et al., 2007; Meehan and Beiko, 2014) . Bacteria within the Lachnospiraceae family are known to produce butyrate by direct fermentation of polysaccharides (Meehan and Beiko, 2014) or by cross feeding with other bacteria and converting acetate or lactate to butyrate (Duncan et al., 2004 ). An increase in butyrate concentration is known to protect the gut against colonization by pathogenic microbiota (Andoh et al., 1999; Fernández-Rubio et al., 2009; Guilloteau et al., 2010) . Butyrate also stimulates the proliferation and differentiation of intestinal epithelial cells (Mariadason et al., 1999; Manzanilla et al., 2006) , and it has been shown to reduce inflammation in the intestinal mucosa of mice (Kyner, 1976) and rats (Cavaglieri et al., 2003) . Moreover, butyrate plays an important role in the maintenance of intestinal mucosal integrity (Segain, 2000; Hu and Guo, 2007; Guilloteau et al., 2010; Vercauteren et al., 2010) . The primary role of the gastrointestinal mucosa lies in the digestion and absorption of nutrients, but it is also a gateway for dietary antigens and pathogenic and non-pathogenic bacteria (Berg, 1999) . The cellular immune response in the intestinal mucosa comprises mainly T-lymphocytes (Guy-Grand and Vassalli, 1993; Norris and Evans, 2000; Revillard, 2001) . As observed previously (Teirlynck et al., 2009; Montanhini Neto et al., 2013) , diets containing a high amount of NSP increase T-lymphocyte infiltration in the intestinal mucosa. In the present study, WE in the diet increased the SCFA production and the abundance of the beneficial bacteria, which probably decreased the colonization and the abundance of the pathogenic microbiota. Those possibly led to reduced inflammation and decreased T-lymphocyte infiltration in the mucosa.
The microbiota shift induced by prebiotic carbohydrates is associated with an increase of GLP-2 production (Candela et al., 2010) . The GLP-2 is a 33-amino-acid peptide produced by intestinal endocrine L-cells. The GLP-2 hormone is involved in controlling gastrointestinal epithelial integrity, motility, and secretion, local blood flow, and nutrient uptake and utilization (Schmidt et al., 2000; Guan et al., 2006) . AXOS can increase the number of GLP-2-producing L-cells in mice (Neyrinck et al., 2012) . Our results showed an increase of FI (Table 3) and of the number of L-cells in the ileum (Table 4) when WE is included in the diet. This increase may be partly explained by the increase of butyrate observed in vitro (Mangian and Tappenden, 2009 ). The endocrine regulations underlying the increase in FI, observed with WE included in the diet, were not investigated in detail and are unclear. Indeed, regulation of appetite and satiety is complex and still a not fully comprehended process in which ghrelin, GLP-1, and leptin, as others, play a role (Shousha et al., 2007) . It is well documented, however, that inflammation reduces appetite (Ferket and Gernat, 2006; Applegate, 2012; Montanhini Neto et al., 2013) and FI. Therefore, it cannot be excluded that a butyrate-associated reduction in inflammation, as seen in the WE group in the present study, may have contributed to the increase in FI.
CONCLUSION
The treatment of wheat with a multi-enzyme preparation containing xylanases and glucanases resulted in a short-chain arabinoxylan polysaccharide fraction that increased the BWG of newly hatched chicks and improved their microbiota diversity. These effects may be attributed to the stimulation of specific beneficial bacteria in the ileum (Candidatus Arthromitus sp. and Enterococcus durans) and in the ceca (members of the Ruminococcaceae and Lachnospiraceae families). As the ceca lie downstream of the ileum in the food passage, the lactate producers in the ileum may represent a microbial consortium that cross feed the acetate and the butyrate producers dominant in the ceca. This could be important in the early development of the broiler to stabilize the intestinal microbiota.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 . Identification of bacteria from ileal and cecal contents by 16S sequencing.
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